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Abstract 
This paper describes the relative influence of (i) landscape scale environmental and hydrological 
factors, (ii) local scale environmental conditions including recent flow history, and (iii) spatial 
effects (proximity of sites to one another), on the spatial and temporal variation in local 
freshwater fish assemblages in the Mary River, south-eastern Queensland, Australia. Using 
canonical correspondence analysis, each of the three sets of variables explained similar amounts 
of variation in fish assemblages (ranging from 44 to 52%). Variation in fish assemblages was 
partitioned into eight unique components: pure environmental, pure spatial, pure temporal, 
spatially structured environmental variation, temporally structured environmental variation, 
spatially structured temporal variation, the combined spatial/temporal component of 
environmental variation and unexplained variation. The total variation explained by these 
components was 65%. The combined spatial/temporal/environmental component explained the 
largest component (30%) of the total variation in fish assemblages, whereas pure environmental 
(6%), temporal (9%) and spatial (2%) effects were relatively unimportant. The high degree of 
intercorrelation between the three different groups of explanatory variables indicates that our 
understanding of the importance to fish assemblages of hydrological variation (often highlighted 
as the major structuring force in river systems) is dependent on the environmental context in 
which this role is examined. 
Additional keywords: canonical correspondence analysis, flow regime, habitat, spatial 
autocorrelation, variance partitioning. 
 
Introduction 
The organisation of biotic assemblages in rivers is influenced by a variety of factors operating at 
a range of spatial and temporal scales (Poff and Allan 1995; Walker et al. 1995; Cushman and 
McGarigal 2002) with these factors rarely operating independently. Riverine habitats are 
arranged in a strongly hierarchical manner and environmental features at one scale may act as 
determinants of environmental conditions and aquatic biota at subordinate scales (Frissell et al. 
1986; Junk et al. 1989; Poff 1997). For example, it is well known that interactions among 
environmental factors at the landscape scale (e.g. catchment size, position in the stream network, 
channel geomorphology) and local scale habitat characteristics (e.g. depth, water velocity, 
substrate composition) are important determinants of local variation in fish assemblage 
composition and abundance (Schlosser 1995; Schlosser and Angermeier 1995; Angermeier 
and Winston 1998; Marsh-Matthews and Matthews 2000; Jackson et al. 2001). Similarly, 
temporal variation in the hydrological regime, which determines temporal variation in many 
attributes of habitat structure, availability and connectedness, and the frequency and severity of 
physical disturbance, is not uniform across a catchment, nor is it independent of spatial variation 
in habitat or channel morphology (Benda et al. 2004a, 2004b; Biggs et al. 2005). Moreover, 
hydrological variation at short time scales (i.e. daily, monthly or seasonally) is not independent of 
long-term variation in discharge. Intra- and inter-annual variations in hydrology interact in space 
and time with other landscape-scale and local-scale environmental factors to form ‘filters’ (Tonn 
1990; Poff 1997; Jackson et al. 2001) that determine spatial and temporal variation in fish 
assemblages. 
 
The organisation of local stream fish assemblages (i.e. over stream lengths of less than 100 m) 
can thus be conceptualised as involving a range of direct effects at both fine and broad spatial and 
temporal scales, as well as indirect effects operating through the interaction of these direct effects 
(Fig. 1). Typically, interactions among environmental and hydrological processes and the 
responses of aquatic biota are both complex and poorly understood (Ward et al. 2002; Wiens 
2002). Accordingly, it is difficult to discriminate between those environmental factors having a 
direct effect on biotic systems and those for which the effect is indirect. This is particularly so 
when such factors are strongly autocorrelated (Legendre 1993); an important consideration in 
riverine studies given the hierarchical arrangement of habitat. Autocorrelation can occur in the 
environmental characteristics of stream sites and within the biotic milieu as processes such as 
passive diffusion, active movement and density-dependent effects (e.g. due to biotic interactions 
such as competition) at one location may influence the structure of assemblages at nearby areas 
(Legendre 1993; Dale 1999). Neighbouring sites are therefore more likely to be similar in 
species composition and can exhibit spatial autocorrelation (Downes et al. 2000; Marshall et al. 
2006). These spatial and temporal dependencies in the multi-scale hierarchy of a riverine 
environment require specific methodologies to describe the relationships between the 
environment and biota (Cushman and McGarigal 2002; Biggs et al. 2005). 
 
 Fig. 1.  Conceptual model of the spatial and temporal hierarchy of environmental and hydrological factors hypothesised to 
determine species composition and abundances of local fish assemblages. 
 
The present study explores the relative influence of three sets of variables in explaining spatial 
and temporal variation in local freshwater fish assemblages in an Australian sub-tropical river: (i) 
landscape scale environmental factors (including elevation and distance to river mouth) and 
descriptors of the hydrological regime (i.e. long-term statistical pattern of flows); (ii) local scale 
environmental conditions that varied with the recent flow history and flow pulse (i.e. short-term 
flow variations); and (iii) spatial effects (proximity of sites to one another in the stream network). 
We used a conceptual framework integrating the concept of environmental filters with the 
interaction among different sets of environmental and hydrological descriptors (Fig. 1) to guide 
our analyses and used a hierarchical variance partitioning procedure within canonical 
correspondence analysis to quantify the importance of direct and indirect (interactive) effects of 
environmental and hydrological variation. We sought to identify the unique explanatory power of 
the three sets of ecologically relevant variables as well as the degree of confounding among them 
in explaining variation in fish assemblages. A more detailed examination of spatial and temporal 
variation in fish species responses to environmental gradients will be published elsewhere. Our 
capacity to make distinctions among important environmental and hydrological drivers is 
important in several contexts. It can inform our conceptual understanding of fundamental 
processes operating in both the landscape and the ‘riverscape’ (Fausch et al. 2002), and is 
fundamental to the development of catchment management and river rehabilitation strategies as 
well as the allocation of environmental flows. A sound understanding of the relative importance 
of different sets of environmental drivers characterised at different spatial and temporal scales is 
also essential to decision-making in the common circumstance of limited funding for 
environmental rehabilitation and the design of biomonitoring programs (Johnson et al. 2007). 
 
Materials and methods 
Study area and sample sites 
The Mary River, south-eastern Queensland, Australia, is approximately 300 km in length and 
drains a catchment of approximately 9400 km2 (Pusey et al. 1993). It is largely unregulated, 
although impoundments (small dams and weirs) exist on some tributaries and water extraction 
occurs for irrigation and water supply purposes (Brizga et al. 2003). The majority of rainfall and 
streamflow occurs in the summer months of January to March, often followed by a second minor 
peak in discharge between April and June (Pusey et al. 1993, 2004). The flow regime is highly 
variable on an inter-annual and seasonal basis: low and high flows can occur at any time of year, 
and some tributaries may cease to flow for extended periods (Pusey et al. 1993, 2000). 
Seventeen study sites were distributed widely throughout the catchment to encompass as much of 
the natural biological and environmental variation as possible and were selected to represent the 
best ‘ecological’ condition available within the Mary River catchment (i.e. minimally disturbed 
riparian vegetation, bank and channel structure in natural condition, natural hydrograph). Sites 
were unaffected by urban development, extractive industries (i.e. mines, quarries and sand or 
gravel extraction), intensive agriculture and point source pollutants, or major barriers to fish 
movement (i.e. downstream weirs that did not drown-out seasonally or lacked fish passage 
devices). Sites were sampled seasonally (winter, spring and summer) on nine occasions (two 
sites) or 10 occasions (15 sites) between 1994 and 1997. The four-year sampling period 
encompassed a wide range of hydrological conditions: some streams in the Mary River catchment 
experienced several discharge extremes including an eight-year annual return interval flood in 
January 1996 and some experienced the longest period of zero flows on record (Kennard 2005). 
Three sites were completely dry on one sampling occasion and so contained no fish (the total 
number of samples used in analysis was 165). 
Fish sampling 
Fish assemblages were sampled in wadeable streams (< 1.5 m maximum depth) with ‘sites’ being 
stream reaches of between 70 and 80 m of stream length, usually constituting an entire meander 
wavelength or one riffle–run–pool sequence (Newbury and Gaboury 1993). Three contiguous 
individual mesohabitat units (i.e. riffles, runs or pools) within each stream reach were sampled 
separately and data subsequently combined to represent each site. Fish assemblages were sampled 
using multiple-pass electrofishing (Smith-Root model 12B Backpack Electrofisher) and seine 
netting (11 mm stretched-mesh) (see Pusey et al. (1998) and Kennard et al. (2006) for a 
complete description and evaluation of the sampling protocol). All fish collected were identified 
to species and counted, with native fish returned alive to the point of capture. The fish catch at 
each site and sampling occasion was standardised to the number of fish collected per unit 
sampling area (i.e. number of individuals 10 m–2). 
Estimation of landscape and local scale environmental variables 
Landscape and local scale environmental characteristics of each study site were estimated 
according to a standard protocol described in Pusey et al. (2004) (Table 1). Landscape scale 
variables (elevation, catchment area, distance from stream source and distance to river mouth) 
were estimated from 1:100 000 topographic maps using a digital planimeter. On each sampling 
occasion for each study site a series of local scale environmental characteristics were measured or 
estimated. Wetted stream width, mean water velocity and total water depth were measured at a 
series of 40–60 survey points located randomly throughout the site. Substrate composition was 
estimated for one square metre around each survey point and allocated to each of seven substrate 
classes as a proportion. Riparian vegetation canopy cover was estimated from three 
measurements using a hand-held densiometer. The abundance of submerged microhabitat 
structures (aquatic macrophytes, filamentous algae, leaf litter, submerged vegetation (mainly 
grasses), emergent vegetation, submerged overhanging vegetation, large (> 20 cm diameter) and 
small (> 1 cm but < 20 cm diameter) woody debris were also estimated at each survey point. In 
addition, the lineal extent (proportion of wetted perimeter) of undercut banks and root masses 
were estimated from multiple contiguous transect segments (10 m) along each bank. Average 
values (wetted width, depth and velocity), or average proportion of mean wetted site area 
(substrate composition and microhabitat structures) or stream bank (undercut banks and root 
masses) were then calculated for each site on each sampling occasion. All of the local 
environmental characteristics described above varied through time at each site, largely in 
response to changes in water depth, depositional and erosive processes associated with temporal 
variation in discharge, and seasonal vegetation growth (in the case of riparian vegetation cover). 
Table 1.  Variables significantly related (P < 0.01) to variation in fish assemblages chosen by 
forward selection in CANOCO using partial canonical correspondence analysis (CCA) for each 
stage of the analysis 
 
 
Quantification of the long-term flow regime 
Simulated daily discharge data for each site were derived from an integrated quantity and quality 
model (IQQM: Simons et al. 1996) for 25 years (1974–1997) developed from daily flow data 
from multiple gauging stations in the Mary River (Brizga et al. 2003). All flow data was 
supplied by the Queensland Department of Natural Resources and Mines. Using this long-term 
record, we calculated 109 hydrological indices describing six potentially ecologically important 
components of the flow regime based on the magnitude, frequency, timing, duration, variability 
and rate of change of flow conditions at each site (Richter et al. 1996; Puckridge et al. 1998; 
Bunn and Arthington 2002). Selected variables were taken from Growns and Marsh (2000) and 
Olden and Poff (2003). Following the approach of Olden and Poff (2003), principal 
components analysis was used to reduce this large number of intercorrelated hydrological 
variables to 14 variables describing the six key facets of the long-term flow regime (Table 1). 
Quantification of the short-term flow history and flow pulse 
Using the daily discharge data, eight hydrological variables were calculated for three different 
antecedent periods relative to the fish sampling events. These hydrological variables were 
hypothesised to be ecologically important and included metrics describing the number and 
duration of extreme high and low flow events, and indicators of magnitude and variability of 
daily flows (Table 1). These aspects of the short-term flow history describe disturbance, 
connectivity and the extent of overall habitat and are of potential ecological importance to fish 
(Bunn and Arthington 2002). Flow variables were calculated for the spring-summer before each 
sampling event to incorporate the peak spawning period of the majority of fish species in the 
Mary River (Pusey et al. 2004). To describe the very recent flow history and flow pulse, 
variables were also derived for the season directly before sampling and the month directly before 
sampling, respectively. The Julian date of each sampling occasion was also used as a measure of 
the temporal relationships in fish assemblages among sampling occasions at each site. 
Description of spatial relationships among sites 
Quantifying the spatial proximity of a group of sites using a matrix of xy coordinates (often with 
subsequent third order polynomial transformation to account for non-linear relationships 
(Borcard et al. 1992; Borcard and Legendre 1994) is not ideal for describing spatial 
relationships of fish assemblages in dendritic river networks (Peterson et al. 2007). Fish can only 
move from site to site following the dendritic network, they are generally unable to ‘swim’ 
overland to reach new sites. A more appropriate method to represent spatial relationships of 
aquatic biota in river networks is to construct a hydrographic tree depicting the spatial sampling 
design (Magnan et al. 1994; Legendre and Legendre 1998). To achieve this, a simplified 
representation of the river was created (Fig. 2) and a number given to each stream segment 
(defined as the reach between tributary junctions). Similarly, each sampling site denoted a new 
reach number. This spatial network provided information regarding the relative position of each 
site to one another in the river network. The network was then used to create a binary data matrix 
with a site having either a value of zero or one for each reach, resulting in a complete numerical 
coding of the riverine network (Magnan et al. 1994). The rows of the matrix were the sites and 
the columns were the reaches or segments of river. In the data matrix, each site was assigned a ‘1’ 
for every reach through which a fish must pass to reach the mouth of the river. The hydrographic 
tree therefore provides a quantitative measure of the number of different stream segments that a 
fish encounters when dispersing from one location to another and represents a relative measure of 
the order of differences between pairs of sites in the stream network (Olden et al. 2001). 
Although other quantitative measures of the spatial configuration, connectivity (distance), and 
directionality of sites in a stream network are available (e.g. Cressie et al. 2006; Peterson et al. 
2007), comparative studies have shown that the method described above provides a conceptually 
simple yet ecologically meaningful measure of inter-site relationships in dendritic networks (e.g. 
Olden et al. 2001). 
  
Fig. 2.  Schematic representation of the geographic locations of the sampling sites in the Mary River, south-eastern 
Queensland. The river network is shown as dashed lines and sampling sites are shown as black circles. Numbered river 
reaches (river segmen 
 
Data analysis 
Spatial and temporal variation in the Mary River fish assemblages was examined using canonical 
correspondence analysis (CCA) and partial CCA. Canonical correspondence analysis extends the 
unconstrained ordination technique, correspondence analysis (CA), to identify an independent set 
of explanatory variables that are jointly correlated with sites and species (ter Braak 1986) and is 
achieved by regressing the site scores from CA against a dataset of explanatory variables (Økland 
1996; Legendre and Legendre 1998). New site scores or fitted site scores are linear 
combinations of the explanatory variables. Canonical coefficients are calculated for explanatory 
variables, indicating the importance of each variable to each axis (ter Braak 1986). The 
importance of each variable to the entire ordination is determined depending on the relative 
importance of each subsequent axis. Partial CCA extends CCA in a similar manner to which 
partial linear regression extends linear regression. A third matrix of covariables is introduced, and 
the ordination identifies relationships between the species assemblage and explanatory data that 
are independent of the matrix of covariables (Legendre and Legendre 1998). CCA and partial 
CCA were both conducted using CANOCO for Windows version 4 (ter Braak and Smilauer 
1998). We excluded extremely rare species (seven of 23 fish species that collectively accounted 
for < 0.5% of the total abundance) from all analyses as such rare species can obscure assemblage-
environment relationships (Godhino et al. 2000). Fish species density data were log-transformed 
(ln(x+1)) before analysis to reduce the influence of occasional high densities in some samples. 
All continuous explanatory variables were log-transformed (ln(x+1)) before analysis. 
Borcard et al. (1992) and Borcard and Legendre (1994) developed a simple method using 
canonical ordination techniques, such as CCA, to enable the consideration of spatial 
dependencies of both species and environmental variables, thereby removing the effects of spatial 
autocorrelation. This is achieved through a series of partial CCA ordinations enabling the 
identification of four unique components of variation; (i) pure spatial variation, (ii) spatially 
structured environmental variation, (iii) pure environmental variation and (iv) unexplained 
variation. Anderson and Gribble (1998) extended the spatial variation partitioning of Borcard et 
al. (1992) to include a third matrix of temporal variables. We partitioned the variation in fish 
assemblage structure into eight unique components (see Anderson and Gribble 1998) using three 
different matrices of explanatory variables: (i) environmental (consisting of landscape-scale 
environmental variables and long-term flow regime variables that vary through space (i.e. 
between study sites) but not through time during the study period), (ii) spatial (i.e. the spatial 
arrangement of sites in the river network) and (iii) temporal (consisting of short-term antecedent 
flow history or flow pulse variables and local-scale environmental variables that varied through 
time during the study period in response to flow variation). The eight unique components of 
variation were: pure environmental (E); pure spatial (S); pure temporal (T); spatially structured 
environmental (SE); temporally structured environmental (TE); spatially structured temporal 
(ST); spatially and temporally structured environmental variation (STE); and the unexplained 
component (U). Detailed explanations of these components can be found in Anderson and 
Gribble (1998) and analogous components are outlined in Cushman and McGarigal (2002). 
Important explanatory variables for each of the three matrices (E, S and T) used for subsequent 
variance partition analysis were selected using the hierarchical stepwise forward selection 
procedure in CANOCO. Forward selection in CCA essentially operates as a series of intermediate 
partial CCA analyses. First, all variables are fitted to the species matrix individually and tested 
for significance using Monte Carlo permutation tests. The most significant variable is retained 
and used as a covariate for an analysis of all other variables. The next most significant variable 
was retained as a covariable and the process continued until non-significant variables were found 
(Lepš and Šmilauer 2003). 
 
In selecting variables to form each of the three explanatory matrices, we followed our conceptual 
model (Fig. 1) and the process described in Table 2. First, significant landscape-scale variables 
were selected (stage 1). Once these had been identified, their effect was factored out via partial 
CCA, and long-term flow regime variables that were significantly related to the residual variation 
in fish assemblage structure were identified and retained (stage 2). These landscape-scale 
variables and long-term flow regime variables vary through space (i.e. between study sites) but 
are effectively static in time (during the study period) and formed the environmental matrix (E). 
The spatial variables (indicating the arrangement of sites within the river network) were selected 
all at once (stage 3) with significant variables being retained for the spatial matrix (S). Short-term 
flow history or flow pulse variables describing flow conditions before each sampling occasion 
and local-scale environmental variables that varied through time were analysed for the temporal 
matrix (T). Flow variables representing conditions during the most recent spawning period 
relative to each sampling occasion were analysed first. Once significant variables from this group 
were selected (stage 4), their relationship to fish assemblage structure was factored out via partial 
CCA and flow variables describing the season and month before sampling were analysed next 
(stage 5). Having identified short-term flow history or flow pulse variables that were 
independently significant, the effect of all of these variables was factored out and local-scale 
environmental variables that varied through time were analysed (stage 6), thus identifying local 
scale variables that were related to assemblage composition independently of the recent flow 
history. The Julian date of each sampling occasion was also tested for significance in a separate 
ordination. The variables selected from stages 4, 5 and 6 collectively comprised the temporal 
matrix (T). 
 
Table 2.  The process of selecting statistically significant environmental, spatial and 
temporal variables for use in the variation partitioning procedure 
 
 
 
Results 
Selection of important landscape-scale environment and long-term flow variables 
Sixteen fish species (from a total of 23 species and 64 886 individual fish sampled) were used in 
the analyses (Table 3). The three landscape-scale environmental variables (distance from stream 
source, distance to river mouth and elevation) explained 17% of the variation in fish assemblage 
structure throughout the catchment (CCA ordination in three dimensions) (Table 1). Fourteen 
long-term flow regime variables were added to the analysis in the next stage of investigation. 
After controlling for the effect of the landscape-scale environmental variables, partial CCA 
suggested that 10 of the 14 flow regime descriptors explained an additional 34.7% of variation in 
fish assemblage structure (Table 1). The analysis, including all 13 of these significant variables, 
explained 51.7% of the variation in fish assemblage structure (Table 1) and formed the 
environmental matrix (E) used for subsequent variation partitioning analyses. 
 
Table 3.  Characteristics of the fish assemblage dataset used in the analyses 
Data includes the frequency of occurrence (percentage of samples) and mean density (± standard 
deviation (s.d.)) for common fish species (i.e. collectively forming > 99.5% of the total catch) 
collected in the Mary River (n = 165 samples). Fish families are arranged in approximate 
phylogenetic order (after Pusey et al. 2004) 
 
 
Selection of spatial variables – the river network 
Using only the spatial relationships among sites within the river network as predictor variables, 
the best model explained 43.7% of variation in fish assemblage structure (CCA in three 
dimensions) (Table 1). The significant segments of the river selected by CCA (P < 0.01) were 
Reaches 4, 5, 6, 8, 11, 20, 23 and 24 and indicated that fish assemblages at sites or groups of sites 
located upstream and downstream of each selected reach were significantly different from each 
other (Fig. 2). These variables comprised the spatial matrix (S) for use in the variation 
partitioning analyses. 
Short-term flow variables and local-scale environmental variables 
Fourteen variables describing short-term antecedent flow conditions and local-scale 
environmental characteristics that varied between sampling occasions were included in the 
temporal matrix (T) and collectively explained 47.2% of variation in fish assemblage structure 
(Table 1). Seven short-term flow variables were significantly related to fish assemblage structure 
and explained 25% of the variation. After factoring out the effect of these short-term flow 
variables, seven local-scale environmental descriptors were significantly related to variation in 
fish assemblages (explaining a further 22.2% of the variation, Table 1), while the Julian date of 
each sampling occasion was not. 
Variation partitioning 
The amount of variation in fish assemblage structure explained by each step in the variation 
partitioning process is presented in Table 4. A similar amount of variation (~44–52%) was 
explained by each set of explanatory variables E, S and T (steps 1–3). The subsequent steps in the 
procedure illustrate the amount of overlap in this explained variance. The total variation in fish 
assemblages explained by seven components (E, S, T, SE, TE, ST and STE) was approximately 
65%; the remaining component (U) represented the unexplained variation (35% : Table 5, Fig. 
3). The largest component of variation was the combined spatial or temporal component of 
environmental variation (STE), which accounted for 29.6% of variation in fish assemblage 
structure. This indicates a high degree of intercorrelation between the three different groups of 
explanatory variables in accounting for variation in fish assemblages. The spatially structured 
environmental variation (SE) component accounted for a further 10.6% of variation in 
assemblage structure, and represented the amount of variation that could be explained by the 
unique overlap between landscape-scale descriptors (i.e. landscape-scale environment and long-
term flow regime) and the spatial connectivity of sites. The spatially structured temporal variation 
(ST) was comparatively small, accounting for only approximately 2% of fish assemblage 
variation. This indicates that there is very little overlap in temporal variation and spatial 
connectivity that does not also overlap with landscape scale descriptors. The degree to which 
short-term temporal variation overlapped with long-term hydrology and landscape position, the 
temporally structured environmental component (TE), was also relatively small, accounting for 
only 6% of variation in fish assemblages. The pure environmental component (E – step 6) 
accounted for 5.7% of variation. The pure spatial component (S – step 9) was also very low, 
accounting for only 1.8% of fish assemblage variation, while the pure temporal variation (T – 
step 12) explained 9.8% of variation. 
 
Table 4.  The percentage of variation in fish assemblage data (F) explained by each of the 12 
steps of analysis to partition the variation into its eight components, using the 
environmental data matrix (E), the spatial data matrix (S) and the temporal data matrix (T) 
 
 
 
Table 5.  Summary of calculations leading to the partitioning of variation in fish 
assemblages into its eight component parts 
 
 
 
 Fig. 3.  Graphical representation of variation partitioning showing the eight components of variation. The area of each 
polygon is proportional to the amount of variation in fish assemblages explained by that component. The unexplained 
component is the unshaded area in the surrounding rectangle. Shading is included as a visual aid only. 
 
Discussion 
The fish assemblages of rivers and streams are influenced by processes operating over a range of 
spatial and temporal scales. We used canonical correspondence analysis to identify the unique 
explanatory power of three major classes of ecologically relevant variables (E, S and T) as well as 
the degree of overlap among them in explaining variation in local fish assemblages in the Mary 
River, south-eastern Queensland. The first variables selected for the environmental matrix (E) 
were significant landscape-scale variables describing elevation and the relative position of the 
sites in the stream network (distance from stream source and river mouth), which together 
explained 17% of overall variation in fish assemblage structure (Table 1). These environmental 
characteristics may represent mechanistically important landscape ‘filters’ (Tonn 1990; Poff 
1997) that influence longitudinal variation in riverine fish species distributions and abundance 
due to interspecific variations in fish thermal preferences, upstream colonising abilities or 
spawning requirements (i.e. proximity to downstream or estuarine spawning areas for diadromous 
species). These and similar large-scale environmental descriptors have been identified as 
potentially important drivers or correlates of riverine fish assemblages in Australia (e.g. Pusey et 
al. 1993; Pusey and Kennard 1996; Gehrke and Harris 2000) and elsewhere (reviewed in 
Jackson et al. 2001). 
 
The long-term hydrological record summarises conditions relating to disturbance regimes, aquatic 
habitat connectivity, overall habitat availability and temporal variation in habitat structure and 
variability over long time-frames. These factors impose long-term selective filters on stream biota 
(Lytle and Poff 2004) that we hypothesised would be important determinants of spatial variation 
in fish species distributions, persistence and abundance (via long-term temporal variation in 
individual species recruitment patterns and the frequency of local colonisation and extinction 
events). Spatial variations in riverine flow regimes are determined in part by position in the 
landscape and stream size (Richards et al. 1996; Snelder and Biggs 2002; Snelder et al. 2005). 
However, the results of the first stage of the ordination analysis suggest that an additional 35% of 
variation in fish assemblage structure could be explained by attributes of the long-term flow 
regime that operated independently of landscape position. The variable selection process used in 
our analysis ensured that only long-term flow regime descriptors that could account for 
assemblage variation independently of the landscape-scale variables were selected. Therefore, 
while factors relating to position in the landscape may be mechanistically important in structuring 
fish assemblages, our analysis suggests that attributes of the long-term flow regime (e.g. 
magnitude, frequency, timing, duration, variability and rates of change) may play additional and 
unique roles in structuring fish assemblages in the Mary River. This is consistent with the view 
that the flow regime is a major driver of the evolution and ecology of river-floodplain ecosystems 
over long time frames (e.g. Poff and Allan 1995; Poff et al. 1997; Puckridge et al. 1998; Bunn 
and Arthington 2002; Lytle and Poff 2004). 
 
The results of our study also highlight the potentially important role of short-term variations in 
antecedent hydrology and local habitat characteristics (variables comprising the temporal matrix 
in our analysis, Table 1) as has been shown in many other studies (e.g. see published reports cited 
in Marsh-Matthews and Matthews (2000) and Jackson et al. (2001)). These variables 
collectively explained 47% of variation in fish assemblages, with short-term flow variables 
explaining 25% of the variation and, after factoring out their influence, local-scale environmental 
descriptors explaining a further 22% of the variation in fish assemblages (Table 1). Short-term 
variations in flow history may influence local variation in disturbance regimes, aquatic habitat 
connectivity, and overall habitat availability and hence variation in fish extinction or 
recolonisation dynamics and recruitment processes over short time-frames (Schlosser and 
Angermeier 1995; Humphries et al. 1999; Lake 2003; Magoulick and Kobza 2003). The 
additional variation in fish assemblages (i.e. independent of antecedent flow conditions) 
explained by attributes of local habitat structure may be directly important in terms of providing 
refuge, spawning sites and/or food resources for fish in the study area (see Pusey et al. 2004). 
The specification of the spatial component (S) was achieved with a matrix of variables describing 
the spatial sampling design within the hydrographic network (Fig. 2, Table 1). Using these 
spatial variables, CCA accounted for a similar amount of variation (43.7%) as both the 
Environmental (51.7%) and Temporal matrices (47.2%) (Table 1, Table 4), suggesting that the 
spatial relationships of sites may co-vary to some extent with the environmental and hydrological 
characteristics of these sites at local and landscape scales. Moreover, the variance partitioning 
process revealed that the ‘pure’ spatial component (S – step 9) was very low, accounting for only 
1.8% of fish assemblage variation (Table 4, Fig. 3). This suggests that the degree to which spatial 
variation in fish assemblages is a consequence of spatial population dynamics (i.e. spatial 
autocorrelation) was minor, and driven more by deterministic process associated with 
environmental and hydrological processes (see Leibold et al. 2004; Cottenie 2005; Tuomisto 
and Ruokolainen 2006). 
 
Examining the ‘pure’ environmental and ‘pure’ temporal components identified factors that 
explained variation in fish assemblages independent of other factors. However, each of these 
explained only a relatively small proportion of the total variation (5.6% and 9.8% respectively: 
Table 5, Fig. 3). Variations in local environmental conditions and short-term hydrology are 
strongly related to processes operating at larger spatial scales, which we described using long-
term hydrological characteristics and landscape-scale environmental conditions. The amount of 
spatially and temporally structured environmental variation detected from our variance 
partitioning analysis (STE, Table 5) indicated the degree to which environmental variables that 
explain fish assemblage structure, vary similarly in space and time. Almost half of the explained 
variation in fish assemblage structure in the Mary River was accounted for by this component 
(29.6% of a total of 65.3%: Table 5, Fig. 3). Thus, the spatial structuring of fish assemblages 
tended to be correlated with landscape scale environmental gradients and short-term variations in 
antecedent hydrology and local habitat. 
 
The nested hierarchical arrangement of rivers through space and time implies that short-term 
spatial and temporal dynamics in flow and local habitat structure are strongly influenced by 
processes operating at larger spatial and temporal scales (Poff 1997). Although our findings are 
consistent with this view, teasing out the relative influence and mechanistic importance of large 
and small-scale spatial and temporal factors for fish assemblage dynamics was a challenge. Our 
results may be contingent on our particular study design or be an artefact of how we classified 
and characterised our scale-dependent explanatory variables. It is also possible that other study 
designs based on different spatial and temporal scales of the main environmental factors would 
yield different outcomes (Wiley et al. 1997; Fausch et al. 2002; Cushman and McGarigal 
2004; Johnson et al. 2007). Our analytical approach to selection of ecologically important 
environmental and hydrological factors likely to influence fish assemblages was guided by our 
conceptual understanding (Fig. 1). However, it is possible that the range of explanatory variables 
used in our study may be surrogates for other mechanistically important factors. In addition, our 
descriptors of short-term flow and local habitat structure are unlikely to completely encapsulate 
their influence on biotic processes such as predator–prey relationships and competitive 
interactions among species that, in turn, can have significant effects on fish assemblage structure 
(Jackson et al. 2001). Furthermore, subtle hierarchies of interactions among landscape, flow and 
local habitat characteristics may exist that were poorly represented by our explanatory variables, 
and/or they were defined at inappropriate spatial and/or temporal scales (Fausch et al. 2002). 
The large unexplained component of variation (35%) also implies that fish species distributions 
and abundances may vary through space and time in response to other environmental or 
biological mechanisms not accounted for in this study (e.g. recruitment effects, resource 
availability, and/or biotic interactions). 
 
Our study has shown that the flow regime and recent history of flow events are correlated with 
local fish assemblage dynamics via several interrelated mechanisms operating over a range of 
spatial and temporal scales. Descriptive studies such as ours contribute to a baseline 
understanding of river ecosystem functioning in terms of identifying important linkages between 
flow regime, habitat structure and fish assemblage structure. However, this post-hoc correlative 
approach can take us only so far in unravelling such interactions and their importance for 
managing river ecosystems (Bunn and Arthington 2002). The maintenance or restoration of 
some features of the natural flow regime is widely considered to be essential to underpin future 
conservation and restoration strategies for freshwater habitats and biodiversity (Poff et al. 2003; 
Dudgeon et al. 2005). However, our ability to estimate the quantities and timing of water 
extractions that can be tolerated by stream biota or that need to be restored is lacking (Dudgeon 
et al. 2005; Arthington et al. 2006). Experimental manipulations can be used to identify 
mechanistically important drivers of riverine assemblages, and although difficult and expensive 
to implement at the landscape and local scales considered in this study (Johnson et al. 2007), 
such experiments are feasible and necessary in the context of measuring ecological responses to 
experimentally manipulated river flows (Bunn and Arthington 2002; Arthington and Pusey 
2003). 
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